A serious concern for managers of water resources, pathogens in the urban environment easily enter waters through a number of pathways, including discharge of inadequately treated sewage, TMDLs to achieve water quality standards and restore water bodies to their intended uses.
INTRODUCTION
Pathogens are disease-causing microorganisms that are a major concern for managers of water resources. Once in a water body, pathogens infect humans through contaminated fish and shellfish, skin contact or ingestion of water.
High levels of fecal indicator bacteria are a major cause of impairments of US water bodies (Table 1 ). The seriousness of pathogen contamination is reflected in the maximum contaminant level goals of zero for microbial pathogens, which were established through Safe Drinking Water Act (SDWA) regulations. These goals conform to the position of the World Health Organization (WHO) (1993) which states: ' … .there is no tolerable lower limit for pathogens, and water intended for consumption, for preparing food and drink, or for personal hygiene, should thus contain no agents pathogenic for humans. ' The WHO estimates that 13 million people die each year from waterborne infections (Warrington 2001a) . The majority of these deaths occur in developing countries.
However, in the US approximately 900,000 cases of illnesses and 900 deaths occur each year as a result of microbial contamination of drinking water (Warrington 2001a) . The majority of large-scale waterborne disease outbreaks in the past have been attributed to human contamination or inadequacies at water treatment plants.
Waterborne outbreaks, upon contact with contaminated recreational water bodies, are attributed to human fecal contamination or sewage (Levy et al. 1998; Upton 1999) .
The primary pathogens of concern in the US are bacteria, protozoa and viruses. Helminths and fungi are two additional pathogen groups, but not found to be responsible for significant levels of contamination in the 
PATHOGEN SOURCES IN THE URBAN ENVIRONMENT
Stormwater runoff, generated from pervious and impervious areas during rainfall and snow events, often contains pollutants, including pathogens, which adversely affect receiving water quality. Polluted stormwater runoff is a leading cause of impairment to nearly 40% of the US water bodies that do not meet water quality standards (USEPA 2002b) . Most stormwater outfalls are considered point sources and require a National Pollutant Discharge Elimination System (NPDES) permit. Urbanization alters the path of stormwater runoff through hydraulic modifications, including catch basins, inlets, curb and gutter, storm sewers, ditches, lined channels, culverts and pavement. Subsequently, flow velocity is increased compared with the original natural conditions (Field & Sullivan 2003) . Studies show a linear relationship between runoff volume and watershed imperviousness (Schueler 1987) .
Combined sewer systems (CSSs) convey a mixture of sanitary wastewater and stormwater laden with pathogens through a single pipe to a publicly owned treatment facility for treatment prior to discharge to surface waters. The USEPA reports that CSSs are found in 32 states (including the District of Columbia) and concentrated in older communities in the Northeast and Great Lakes regions. Combined sewer overflows (CSOs) occur during moderate or heavy rainfall when capacity is exceeded. The US annual CSO discharge is estimated at 1,269 billion gallons per year (USEPA 2001b) . CSO receiving waters are 43% rivers, 38% streams, 5% oceans, estuaries and bays, 2% ponds and lakes, and 12% other waters (ditches, canals, unclassified waters).
CSOs, a source of impairment for 12% of assessed estuaries 
HEALTH EFFECTS Waterborne disease outbreaks
Discharges of stormwater runoff, CSO and SSO to receiving waters create the potential for disease outbreaks. Through climate and epidemiological records, Rose et al. (2000) demonstrated a potential correlation between extreme precipitation events (the highest 20% of total intensity over a 20-year period) and waterborne disease outbreaks.
The authors found that statistically significant relationships could be identified between these precipitation events and waterborne disease outbreaks owing to contact with water from both surface and groundwater sources. These relationships were much stronger for surface water outbreaks. In addition, illness in swimmers in heavily used recreational waters is due to agents transmitted from swimmer to swimmer (Calderon et al. 1991) . Exposure pathways of pathogens in recreational waters are dermal contact, ingestion, and inhalation resulting in skin, ear, eye, gastrointestinal and respiratory illnesses. The microorganisms responsible for reported swimming-associated disease outbreaks due to exposure in US waters, excluding manmade hot tubs and pools, between 1986 and 2000 are presented in Table 2 . (Table 3 ).
Pathogens of concern
Waterborne pathogens of greatest concern have the following characteristics (Rosen 2000) : † They are shed into the environment in high numbers, or they are highly infectious to humans at low doses. † They have the ability to multiply outside of a host under favourable environmental conditions. † They can survive and remain infectious in the environment for long periods or are highly resistant to water treatment.
The identified agents for US swimming and drinking water-associated outbreaks are bacteria, protozoa and viruses. Descriptions of these microorganism types and their survival characteristics are provided below. In addition, information on microbial source tracking, a technique used to identify the origin of certain microorganisms, is presented.
Although not unique to urban environments, this information pertains to pathogens in these environments.
Bacteria
Bacteria are unicellular microorganisms that exist as either free living organisms or as parasites. Bacteria play a fundamental An outbreak is defined as: (1) greater than or equal to 2 persons experiencing a similar illness after contact with the recreational water or drinking water; or (2) epidemiologic evidence that implicates the recreational water as the probable source of the illness (i.e. Milwaukee, Wisconsin (1993), 403,000 cases of cryptosporidiosis ¼ one outbreak). pp Acute gastrointestinal illness of unknown aetiology. Table 4 .
Protozoa
Protozoa are single-cell organisms, varying in size from 2 to 100 micrometres, and undergo significant morphological changes while in their host, progressing through their complex life-cycle (Rosen 2000) . Normally they survive in cysts (protective shells) when outside of an organism.
Protozoa reproduce rapidly inside a host organism; therefore, ingestion with as few as 30 Cryptosporidium oocysts or 10
Giardia cysts by a human may result in disease (AWWA 1999). Once in water, protozoa can survive for several weeks, even longer if frozen in ice (Fayer & Nerad 1996) . Table 5 lists waterborne pathogenic protozoa of concern and their associated diseases. The waterborne pathogenic protozoans of greatest concern in countries with temperate climates are
Cryptosporidium and Giardia. Cryptosporidium oocysts and
Giardia cysts occur in surface water, where their concentrations are positively associated with the level of fecal pollution (Rosen 2000) . Arnone & Walling (2006) identified Giardia cysts in 80% of CSO samples and found no Cryptosporidium oocysts in these effluents. Further However, Norwalk virus is very resistant to disinfection measures, and more research is needed to determine adenoviruses and caliciviruses disinfection properties (AWWA 1999).
Survival in the environment
Many environmental stressors affect pathogen and microbial indicator survival, most notably sunlight intensity (Chamberlin & Mitchell 1978) . Intense ultraviolet sunlight over surface waters enhances bacterial die-off, therefore limiting serious bacterial impacts (Chamberlin & Mitchell 1978) . Bacteria in turbid waters and bottom sediments are not as susceptible to sunlight as surface water microorganisms and, therefore, survive longer (Chamberlin & Mitchell 1978) . Protozoa and viruses survive UV radiation better than bacteria (Johnson et al. 1997) . Pathogen survival is also dependent on water temperature. Reduced cell metabolism The inactivation of Giardia cysts appears to be positively affected by increased salinity (Johnson et al. 1997 ).
However , 
Microbial source tracking
Microbial source tracking (MST) is one approach to determining the sources of pathogen contamination in watersheds and has been used in TMDL determinations.
The advance of molecular-based methods in recent years has aided source identification by allowing a greater level of discrimination between different microbial strains by relying on universal genetic markers (Simpson et al. 2002) . MST is also an available tool to identify pathogen sources in evaluations of best management practices (BMP) effectiveness. These methods would provide the ability to distinguish between microbes indigenous to the area from the pathogens entering and leaving the BMP. This would provide for the ability to calculate efficiencies for the organisms identified as relevant for TMDL determination and as posing public health risks through discharge to water bodies (Smith & Perdek 2004) . (Pike 1994) . Several other investigators (Seyfried et al. 1985; Ferley et al. 1989; Corbett et al. 1993; Haile et al. 1999) have reported positive correlations between fecal coliform concentrations and incidence of general morbidity or total illness. Numerous other studies, however, have found that fecal coliform or total coliform concentrations do not correlate well with illness (Fattal et al. 1987; Cheung et al. 1990; Calderon et al. 1991; Kay et al. 1994; Kueh et al. 1995; McBride et al. 1998) . The USEPA epidemiological-microbiological studies conducted in the 1970s concluded that fecal coliform densities showed little or no correlation with gastrointestinal illness among swimmers (Cabelli 1983; Dufour 1984) . Although fecal coliforms are primarily associated with the enteric tracts of warm-blooded animals, Dufour (1984) suggests that many bacteria in the environment fit the description of fecal coliforms but do not come from gastrointestinal sources.
WATER QUALITY LEGISLATION AND REGULATIONS FOR MICROBIAL CONTAMINATION
Thus, these bacteria are of questionable use as fecal indicators.
Several epidemiological studies support the use of E. coli
and Enterococcus as indicators of fecal contamination (Table 7) . Enterococcus, a subgroup of fecal streptococci, is frequently found in the human digestive tract (USEPA (Dufour 1984) and marine (Cabelli 1983) waters. Dufour (1984) also found a high correlation between E. coli and illness in fresh waters.
Epidemiological research in Israel and New Zealand demonstrated strong relationships between Enterococcus densities and the incidence of illness among swimmers in marine waters receiving raw sewage (Fattal et al. 1987 ) and treated sewage discharges (McBride et al. 1998) . Other investigators have also reported positive relationships between the incidence of gastrointestinal illness among marine water swimmers and Enterococcus densities (Cheung et al. 1990; Haile et al. 1999) .
CONCLUSIONS
Regulations developed under the CWA require the development of TMDLs for water bodies not in compliance with established water quality standards. A CWA goal is to remove any use impairments by identifying the amount of pollutants that can be discharged into the water body to maintain the established standards. Because of complexities 
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